Objective-Single-nucleotide polymorphisms predisposing to coronary artery disease (CAD) have been shown to predict cardiovascular risk in healthy individuals when combined into a genetic risk score (GRS). We examined whether the cumulative burden of known genetic risk variants associated with risk of CAD influences the development and progression of coronary atherosclerosis. Approach and Results-We investigated the combined effects of all known CAD variants in a cross-sectional study of 8622 Icelandic patients with angiographically significant CAD (≥50% diameter stenosis). We constructed a GRS based on 50 CAD variants and tested for association with the number of diseased coronary arteries on angiography. In models adjusted for traditional cardiovascular risk factors, the GRS associated significantly with CAD extent (difference per SD increase in GRS, 0.076; P=7.3×10 −17 ). When compared with the bottom GRS quintile, patients in the top GRS quintile were roughly 1.67× more likely to have multivessel disease (odds ratio, 1.67; 95% confidence interval, 1.45-1.94). The GRS significantly improved prediction of multivessel disease over traditional cardiovascular risk factors (χ 2 likelihood ratio 48.1; P<0.0001) and modestly improved discrimination, as estimated by the C-statistic (without GRS versus with GRS, 64.0% versus 64.8%) and the integrated discrimination improvement (0.52%). Furthermore, the GRS associated with an earlier age at diagnosis of angiographic CAD. These findings were replicated in an independent sample from the Emory Biobank study (n=1853). Conclusions-When combined into a single GRS, known genetic risk variants for CAD contribute significantly to the extent of coronary atherosclerosis in patients with significant angiographic disease. (Arterioscler Thromb Vasc Biol.
C oronary artery disease (CAD) is a complex disease with both environmental and heritable contributions. 1 To date, genome-wide association studies have yielded common single-nucleotide polymorphisms (SNPs) at 50 chromosomal loci associated with risk of CAD. 2 Multilocus genetic risk scores (GRSs) combining multiple SNPs with modest effects on cardiovascular risk have been shown to predict incident cardiovascular events in several prospective cohorts of European ancestry. [3] [4] [5] [6] [7] [8] [9] [10] GRSs based on common CAD risk variants have been associated with atherosclerotic phenotypes such as peripheral artery disease, 11 carotid intima-media thickness, 12 and coronary artery calcium, 6 which is an indirect measure of atherosclerotic burden.
Coronary angiography remains the "gold standard" in quantifying the extent and severity of CAD and thus atherosclerotic burden. Previous studies have shown that genetic sequence variants at chromosome 9p21 and in the apolipoprotein(a) gene (LPA) not only associate with risk of CAD but also predict the extent of angiographic CAD, suggesting a role for these loci in influencing the development and progression of coronary atherosclerosis. [13] [14] [15] In this study, we evaluated the effects of all known common genetic variants associated with risk of CAD on the extent of coronary atherosclerosis in patients with significant CAD on coronary angiography, both individually and combined in a GRS.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Characteristics of the Patients
A total of 8622 Icelandic patients with significant angiographic CAD (≥50% diameter stenosis) were included in the main analysis. Replication was sought in 1853 patients from the Emory Biobank. All participants were of European ancestry. Characteristics of the study patients are shown in Table 1 . Diabetes mellitus, hypertension, and hyperlipidemia were more common in patients from the Emory Biobank, whereas Icelandic patients tended to be younger and were more likely to be current smokers. On average, patients from the Emory Biobank had more extensive coronary disease and were more likely to have history of myocardial infarction and coronary revascularization.
Association With CAD Extent
Among the 50 SNPs tested, rs1333049 at chromosome 9p21 and rs10455872 in LPA associated significantly (P<0.001) with the number of coronary arteries with at least 50% diameter stenosis in a combined analysis of the samples, adjusting for traditional cardiovascular risk factors: age, sex, hyperlipidemia, diabetes mellitus, hypertension, current smoking, and former smoking ( Table I in the online-only Data Supplement) . Figure 1 illustrates the linear relationship between the magnitude of the effects of individual SNPs on CAD extent and their respective odds ratio for the risk of CAD, previously reported in meta-analyses of genome-wide association studies ( Table I in the online-only Data Supplement).
The combined GRS was strongly associated with CAD extent when adjusting for traditional cardiovascular risk factors (difference per SD increase in GRS, 0.076; P=7.3×10 −17 ). Estimates in models adjusting for traditional cardiovascular risk factors did not differ substantially from those in models adjusted for age and sex only ( Table II in the online-only Data Supplement), and the association remained significant after further consecutive adjustment for family history of premature CAD (difference per SD increase in GRS, 0.072; P=3.0×10 −15 ; Table III in the online-only Data Supplement). To further illustrate this relationship, we divided patients into quintiles based on the GRS and compared the proportion of patients with multivessel disease (≥2 coronary arteries with at least 50% diameter stenosis) between the top and the bottom quintiles ( Figure 2 ). Roughly 65% of patients in the top quintile had multivessel disease compared with 56% of patients in the bottom quintile ( Data are presented as percentages or means (SD). CABG indicates coronary artery bypass grafting; MI, myocardial infarction; and PCI, percutaneous coronary intervention.
*P values for continuous variables were calculated using Student t test. P values for categorical variables were calculated using the χ 2 test. †Total number of coronary arteries with at least 50% stenosis on coronary angiography (left anterior descending, circumflex, the right main coronary artery, and the left main coronary artery).
Because variants at chromosome 9p21 and LPA have previously been reported to associate with the extent of angiographic CAD, [13] [14] [15] we investigated whether the effect of the GRS was dominated by these variants. After excluding variants at chromosome 9p21 (rs1333049) and LPA (rs10455872 and rs3798220) from the GRS, the association remained significant (P=8.1×10 −8 ; Table 2 ). Similar results were obtained in models additionally adjusted for family history of premature CAD and in models adjusted for age and sex only (Table  II and Table III in the online-only Data Supplement).
Model Performance
As shown in Table 3 , the GRS significantly improved prediction of multivessel disease over cardiovascular risk factors in models including age and sex only (model 1), traditional cardiovascular risk factors (model 2), and family history of premature CAD (model 3), as evaluated by likelihood ratio tests (P<0.0001). To estimate the improvement in discrimination, we compared the C-statistics (area under the receiver-operating-characteristic curve) for models with and without the GRS. The C-statistics for the models without the GRS ranged from 62.9% to 64.8% ( Table 3 ). Addition of the GRS to the models resulted in modest increases in the C-statistic, ranging from 0.6% to 0.8% (Table 3) . Similarly, the integrated discrimination improvement ranged from 0.46% to 0.53%, indicating a marginal improvement in discrimination for multivessel disease with the addition of the GRS (Table 3 ).
Association With Age at Angiography
The GRS associated significantly with age at angiography when adjusting for sex, hyperlipidemia, diabetes mellitus, hypertension, current smoking, and former smoking (difference per SD increase in GRS, −0.90 years; P=7.2×10 −17 ). This association persisted when variants at chromosome 9p21 and LPA were excluded from the GRS (difference per SD increase in GRS, −0.64 years; P=2.5×10 −9 ). Patients in the top quintile of the GRS were on average 2.4 years younger than patients in the bottom quintile (63.6 years compared with 66.0 years), as shown in Table IV in the onlineonly Data Supplement.
Replication
In the Emory Biobank sample, the GRS based on 32 SNPs was significantly associated with CAD extent (difference per SD increase in GRS, 0.115; P=2.6×10 −8 ; Table 2 ). In the Emory Biobank sample, 77% of patients in the top quintile of the GRS had multivessel disease compared with 62% of patients in the bottom quintile (Table V in the online-only Data Supplement), corresponding to an adjusted odds ratio of 2.08 (95% confidence interval, 1.50-2.90; Table 2 ). As shown in Table 3 , The GRS significantly improved prediction of multivessel disease over cardiovascular risk factors and modestly improved discrimination, as estimated by the increase in the C-statistics for the models with the addition of the GRS (ranging from 1.7% to 1.9%) and the integrated discrimination improvement (1.5% for all models). The GRS associated with age at angiography when adjusting for sex, hyperlipidemia, diabetes mellitus, hypertension, current smoking, and former smoking (difference per SD increase in GRS, −0.60 years; P=0.011), but the association was not significant when variants at 9p21 and LPA were excluded from the GRS (difference per SD increase in GRS, −0.44 years; P=0.062).
Association With CAD Extent When Including Individuals With Nonsignificant CAD
As expected, the association between the GRS and CAD extent was even more pronounced when individuals with 
Discussion
In this study, we demonstrate that a genetic score based on known common CAD risk variants is strongly associated with the extent of coronary atherosclerosis in patients with established angiographic CAD. This association is independent of traditional cardiovascular risk factors and family history of CAD. We found that the GRS significantly improved prediction of multivessel disease over established cardiovascular risk factors although the improvement in discrimination was modest. Compared with patients in the bottom quintile of the GRS, patients in the top quintile were roughly 1.67× (Iceland) and 2.08× (Emory Biobank) more likely to have multivessel disease. Furthermore, we found that the GRS associated with younger age at angiography, consistent with an earlier disease onset for individuals with a high burden of common genetic risk variants for CAD.
Previously, a genetic variant at chromosome 9p21 and 2 variants at LPA were shown to influence the extent of coronary atherosclerosis as determined by coronary angiography. [13] [14] [15] In keeping with these findings, these variants showed the strongest association with CAD extent in the present study. Because of their large effect sizes on the risk of CAD, they were assigned the greatest weights in the GRS. To evaluate whether the GRS was dominated by these loci, we excluded them from the GRS in a separate analysis. We found that the GRS restricted to variants outside chromosome 9p21 and LPA was also significantly associated with CAD extent, despite showing a somewhat weaker effect than that of the unrestricted GRS. These results show that currently known genetic risk variants for CAD, not previously associated with CAD extent, collectively associate with extent of coronary atherosclerosis. This suggests that many of these genetic variants influence the development of coronary atherosclerosis although the effect of a single variant is likely to be small.
Previous studies have suggested that some genetic variants associated with CAD may primarily promote coronary atherosclerosis, whereas other variants may predispose to myocardial infarction in the presence of coronary atheroma. For example, Associations were tested using linear and logistic regression models adjusted for traditional cardiovascular risk factors (age, sex, hyperlipidemia, diabetes mellitus, hypertension, current smoking, and former smoking). CI indicates confidence interval; GRS indicates genetic risk score; OR, odds ratio; and SNP, single-nucleotide polymorphisms.
*Multivessel disease was defined as having at least 2 coronary arteries with ≥50% stenosis on coronary angiography. chromosome 9p21 has been shown to associate primarily with coronary atherosclerosis but not myocardial infarction per se. 16, 17 Reilly et al 18 showed that 12 genome-wide significant CAD variants did not associate individually with myocardial infarction among patients with angiographic CAD. Extending these observations, Patel et al 19 showed that a GRS based on 11 CAD risk variants associated with prevalent myocardial infarction in individuals undergoing coronary angiography but not when the analysis was restricted to patients with established angiographic CAD. These studies suggest that genetic risk variants for CAD, identified in early large-scale genome-wide association studies, relate primarily to coronary atherosclerosis and may have a minimal role in plaque rupture or thrombosis leading to acute coronary events. Our findings support the hypothesis that most common CAD variants identified to date influence the development of coronary atherosclerosis. Although the extent and overall burden of angiographic CAD unequivocally increase the risk of adverse cardiovascular events, 20,21 it remains to be established whether genotype scores based on common CAD variants are predictive of cardiovascular events in patients with established disease. Large prospective studies are warranted to evaluate the potential clinical use of genomic data as prognostic factors in patients with established CAD.
Our study should be interpreted in the context of several important limitations. First, we used standard coronary angiography to assess and quantify the extent of coronary atherosclerosis as the number of coronary arteries with at least 50% diameter stenosis. Although angiography is the most widely used and validated method for CAD assessment, it does not provide information on the volume or composition of the atherosclerotic plaque. 22 In the Icelandic sample, angiographic data for calculation of more sophisticated angiographic scoring systems such as the Gensini score or Duke CAD Severity Index were not available. Second, the GRS used for replication analyses in the Emory Biobank was constructed from an available 32 SNP subset of the 50 SNPs and was therefore not directly comparable with the GRS used for the main analyses. The main strengths of our study include large sample sizes and an unbiased nationwide coverage for the selection of the larger sample of Icelandic patients.
In summary, we have demonstrated that a combined GRS based on known common genetic risk variants for CAD is associated with the extent of coronary atherosclerosis in 2 independent populations of patients with established angiographic CAD. These findings show that patients with CAD with a high burden of common genetic variants associated with CAD risk are more likely to have extensive coronary disease than those who carry a low burden of such risk variants.
Previous studies have shown that common genetic risk variants for coronary artery disease at chromosome 9p21 and in the lipoprotein(a) gene associate with angiographic extent of the disease, suggesting a role for these loci in the development of coronary atherosclerosis. In this study, we show that the cumulative burden of currently known genetic risk variants for coronary artery disease associates significantly with the extent of coronary atherosclerosis in 2 independent populations of patients with established angiographic coronary artery disease. Compared with patients in the bottom quintile of the genetic score, patients in the top quintile were significantly more likely to have multivessel disease.
Significance
